Introduction
On April 22, 1994 a new approach to the analysis of the blood beryllium lymphocyte proliferation test (LPT) 1 was presented at the Committee to Accredit Beryllium Sensitization Testing-Beryllium Industry Scientific Advisory Committee meeting in Washington, D.C. The details of the method are described 2 by Frome et al in a research report (ORNL-6818) [4] and were presented on November 8, 1994 at the Conference on Beryllium Related Diseases [5] . At the meeting there was general satisfaction with the proposed methods, but it was considered important to "field test" the method on a new data base from another laboratory-results in ORNL-6818 were obtained using data from the Oak Ridge Institute for Science and Education (ORISE) laboratory. The National Jewish Center (NJC) agreed to provide data similar to that in ORNL-6818 from a study that was underway at that time.
In ORNL-6818 two outlier resistant methods were proposed for the estimation of the stimulation index (SI), which is the ratio of the response of beryllium stimulated cells to control cells. These outlier resistant methods were compared with the approach then in use by most labs. The method based on a least absolute values (LAV) analysis (Section 2.2) of the log of the well counts was recommended for routine use. In this report all of the results are based on the LAV method. All LPTs showed an adequate response to concanavalin-A (ConA) and phytohemagglutinin (PHA) and those with obvious "laboratory error" (i.e. many wells with no response above background) have been eliminated. 1 Abbreviations used: AB,abnormal; Be,beryllium; BE,beryllium exposed; CBD,chronic beryllium disease; ConA,concanavalin-A; CV,coefficient of variation; df,degrees of freedom; LAV,least absolute values; LPT,lymphocyte proliferation test; NE,nonexposed; NJC,National Jewish Center; ORISE,Oak Ridge Institute for Science and Education; ORNL,Oak Ridge National Laboratory; PHA,phytohemagglutinin; SI,stimulation index; UN,unacceptable; 2 On the Internet see URL: http://www.epm.ornl.gov/ frome/BeLPT/index.html
Description of Data From National Jewish Center
Three groups of LPT data are considered:
LPTs for a sample of 168 beryllium exposed (BE) workers and 20 nonexposed (NE) persons.
25 unacceptable (UN) LPTs, and 32 abnormal (AB) LPT data sets.
The sample data consists of the first 168 persons whose blood arrived at NJC for beryllium testing as part of a recent study and are considered to be representative of the study cohort.
One LPT from the beryllium exposed workers was removed because of laboratory error (eight of twelve control wells showed background counts). The nonexposed LPT data are from 20
people who have no known beryllium exposure or respiratory disorders. These 20 LPTs were performed by a single NJC technician.
The unacceptable data are from 25 patients who have "high variability" in their beryllium test results or control cells. Data are flagged as unacceptable for any of the following reasons:
three or more of the six beryllium stimulated groups are excluded due to high variation more than five control well data values are excluded due to high variation, ConA and PHA SIs are low (indicating low cell viability), or cell control counts are judged to be too high or too low (indicating possible contamination, failure to pulse, or other laboratory error).
High variation is defined in several ways. For beryllium stimulated quadruplicates (groups of four at a particular beryllium concentration), values are rank ordered and the coefficient of variation (CV) is calculated. If the CV is greater than 30%, the value farthest from the mean is dropped and the CV is recalculated. If the CV for the remaining three values is still above 30%, the group is excluded. Three or more excluded groups is considered high variation.
High variation for cell control groups is the same as for beryllium stimulated groups with one exception. It is defined as more than five control well counts excluded from the group without achieving an acceptable CV.
The abnormal data are from 32 patients who have clinically confirmed beryllium disease or beryllium sensitivity. The data are considered abnormal if two or more SIs exceed the technician's cut-off value. The cut-off value is two standard deviations above the mean peak SI for nonexposed people.
Estimation of SIs Using Least Absolute Values Method
Results in this report are based on the LAV method described in detail in ORNL-6818. The main results are summarized here.
Regression Model for the LPT Data
Let y jk denote the well count for the k th replicate of the j th set of culture conditions. The expected count in each well can be represented by a log-linear regression function:
where j = 1; : : : ; 10 and k = 1; : : : ; 12 for the controls and k = 1; 2; 3; 4 for the beryllium stimulated cells and the positive controls. In (1), X j is a row vector of indicator variables and β is the vector of regression parameters (see below). It is further assumed that the variance of the well counts is proportional to the square of the expected count:
Equations 1 and 2 together are referred to as a generalized linear model with constant coefficient of variation φ (see ORNL-6818 for more details)
Least Absolute Value Regression on Log(y)
The first step in this approach is to take the log of the counts since this is the variance-stabilizing transformation and leads to a linear model in say z jk = log(y jk ), i.e.
E(z jk
In this report all logs are natural (base e) logarithms. If outliers are not present, applying ordinary least squares to the transformed data will yield consistent estimates for the log(SI) parameters [7] . The effect of outliers is minimized by using least absolute values (or some other robust method) on the z jk . Least absolute value regression-also known as L 1 norm, least absolute deviations and minimum sum of absolute errors-is well known to be resistant to outliers and is an important particular case of a general class of robust methods known as M-estimators [10, 9] . In general, LAV regression requires special computational resources to calculate parameter estimates [1] . In this situation, however, it is only necessary to find the median of the log of the well counts for each set of design conditions and then subtract the control median for each harvest day from the beryllium stimulated medians (see Appendices ORNL-6818). Letz j denote the median for the j th beryllium concentration andz o denote the median of the log well counts for beryllium stimulated cells and the corresponding control wells. The LAV estimate of the j th log(SI),β j , is
A resistant estimate of the coefficient of variation (φ) can then be obtained as
where
, n = number of wells, and p = the number of medians. On the log scale φ corresponds to the standard deviation of the log counts. For the overall pooled estimate n = 48 and p = 8 in this report. The value of C is chosen to make the estimate consistent for the standard deviation for a Gaussian error model and for consistency with the usual least squares results in which the estimated variance is multiplied by the correction factor n=(n ? p) -see [6] and S-PLUS function mad in [12] . Alternative approaches to estimating φ have been discussed in the context of LAV regression (see e.g., [11, 9] ) and there is no consensus as to the best approach. In addition to the fact that this parameter is of direct interest in this situation, it is also needed to obtain an estimate of the parameter covariance matrix
where w 2 = 2 f (0)] ?2 is the asymptotic variance of the sample median [2] . Following the approach of [8] we assume that the underlying error distribution is Gaussian in the center and 
Identification of LPTs With Large SIs
This section describes three approaches to the the problem of identification of an "abnormal"
LPT. Each of these methods uses the LAV estimatesβ j , j= 1,...,6, of the log(SI)s and resistant estimates of φ. Note thatβ j is a statistical shorthand for the LAV estimate of the j th log(SI).
Method 1-Using Distribution of Maximum SI From Nonexposed Controls and/or Historical Population of Beryllium Exposed Workers
This approach parallels that currently in use for identification of LPTs with large SIs. The procedure is to use the distribution of the maximum log(SI) in a reference data base of LPT data sets to determine a "cut point". The reference data base could be composed of LPTs for a group of nonexposed individuals, or nonexposed plus historical data from beryllium exposed workers with no indication of beryllium sensitivity. In this report there are LPTs for 20 nonexposed individuals, and these, alone or in combination with the sample of 167 beryllium exposed workers, will serve as the reference data base. 4. An LPT is defined to be abnormal if at least two log(SI)s exceed cut.
The probability of a false positive for this procedure should be about 1-p.
Method 2-Using The Empirical Distribution of log(SI)s For Each Day and Each Beryllium Concentration
The third approach is the one proposed in Section 3.6 of ORNL-6818. It is based on the assumption that the log(SIs) are approximately normally distributed (see Figures 5 and 6 ). In this report the reference data base consists of all available LPTs in the BE-sample data set and the NE data set. In practice this data set would change during the course of a study as new data becomes available. The first step is to convert each log(SI) into a standardized
using the values ofμ j ands j given in Table 3 . These standardized deviates can be compared with the quantiles of the standard normal distribution, i.e. Pr u < z p ] = p. If we assume that the log(SIs) are independent then the binomial distribution can be used to calculate an approximate probability of at least k out of six "large" SIs for a given value of z p . The probability of at least one large SI is 1 ? p 6 , and the probability of at least two is 1 ?
In fact, the log(SIs) are positively correlated, so this probability should be a lower bound on the chance of finding a false positive LPT.
Results

Descriptive Statistics for Control Wells
An important assumption is that the standard deviation of the well counts is proportional to the mean as implied by Equation (2) . Since each of the LPTs contains 12 replicate control wells on both day 5 and day 7 we can evaluate this assumption by computing location and scale estimates for the control wells for each assay on day 5 and day 7. Sample BE Workers (n=167) AB BE Workers (n=32) UN BE Workers (n=25) Nonexposed (n=20) Figure 3 : Results for Nonexposed, Beryllium Exposed Workers-Sample, Abnormal, and Unacceptable LPTs. Relationship between the Median,ỹ, and the MAD estimate,σ of the standard deviation for the control wells on harvest day 5 (top) and harvest day 7 (bottom). The dashed lines are the result of applying scatterplot smoothers to the data. Since results are shown on log-log scale the slope of the line is 1. Figure 4 shows the SIs for the sample of beryllium exposed (BE) workers and nonexposed (NE) controls (compare with Fig. 4 for the ORISE-AC Data in Frome et al. [5] ). The vertical scale on the right hand side of the plots is in SI units. The SIs for both the NE controls and the beryllium exposed workers decrease as the beryllium concentration in the test wells increases.
Graphical Summaries for SIs For Beryllium Exposed Workers and Nonexposed People
This may be due to a toxic effect of high beryllium concentration that results in "cell killing".
There is considerably more variability in the log(SI)s for the BE LPTs than for the NE LPTs at each concentration on both day 5 and day 7. Figure 5 shows normal (Gaussian) probability plots for the combined BE and NE SIs for each of the three beryllium concentrations on day 5 and day 7. In each of the six plots, the data (ordered values of the log(SIs)) are shown on the vertical scale on the left, and the quantiles of the standard normal distribution are shown on the horizontal scale. A detailed account of the construction and interpretation of normal probability plots is provided by Chambers et .al [3] .
In this situation statistical theory indicates that the log(SIs) should be approximately normally Normal probability plots for the nonexposed workers alone are shown in Figure 6 . Boxplots for each of the data sets considered in this report are shown in Figure 7 . The top panel contains results for day 5 and the bottom panel for day 7. The NE controls are shown on the left
Beryllium Exposed Workers Sample (167) 
Resistant Estimates of the Coefficient of Variation (φ)
Resistant estimates ofφ, the coefficient of variation, for the NE LPTs on day 5 and day 7 and for the BE-sample are shown in Figure 8 . For example, the boxplot labeled BE5-T is based on a pooled estimates ofφ from the beryllium treated wells on day 5 from the sample of 167 BE workers. The dotted line corresponds to a value of 0.3 for φ. Figure 8 suggests that the internal variability may be slightly greater on day 7. There is, however, no indication of increased variability in the beryllium stimulated wells.
Log normal probability plots for theφ values are shown in Figure 9 . These plots indicate that log(φ) is approximately normally distributed with very similar parameters. Figure 10 shows the distributions of the maximum SIs for the NE, BE (sample), AB, and UN data sets. The values for the NE and/or BE-sample are used as the reference group in identification of abnormal LPTs as described in Section 3.1. Table 1 lists the LPTs with large SIs based on Method 1 (Section 3.1). The reference data base used was the nonexposed controls. There were 11 LPTs in the BE-sample and 4 LPTs in the unacceptables that were identified as having at least two large SIs. All 32 of the abnormal LPTs were identified as having at least two large SIs so they were not included in Table 1 . Table 2 lists the SIs for LPTs with large SIs based on Method 1A (Section 3.2). The reference data base used was the nonexposed controls. There were 19 LPTs in the BE-sample and 14 LPTs in the unacceptables that were identified as having at least two large SIs. All 32 of the abnormal LPTs were identified as having at least two large SIs so they were not included in Table 2 . Table 3 gives the standardized deviates defined in Section 3.3 for LPTs with large SIs based on Method 2. The reference data base used was the nonexposed controls combined with the BE-sample, and z p was z :9568 = 1:715. The values ofμ j ands j are given at the bottom of Table 3 . The SI value that had to be exceeded for each Be concentration is in the last row of Table 3 . An LPT is abnormal if at least two of the standardized deviates exceed 1.715. There were 13 LPTs in the BE-sample and 9 LPTs in the unacceptables that were identified as having at least two large SIs. All 32 of the abnormal LPTs were identified as having at least two large SIs so they were not included in Table 3 . An approximate lower bound (see Section 3.3) on the probability of a false positive is 1 ? p 6 + 6(1 ? p)p 5 ] = :025. 
Identification Of LPTs With Large SIs
Method
Comparison of The Three Methods
All three methods (1 1A and 2) for identifying abnormal LPTs, based on the LAV method for estimating the SIs, correctly identified the 32 known CBD cases as abnormal.
All three methods (see Tables 1-3 ) also correctly identified the seven BE workers with CBD. They are BS1035, BS1091, BS1269, BS1315, BS1316, BS1321, BS472. Method 1 (see Table 1 ) called an additional 4 BE workers abnormal. Method 2 (see Table 3 ) called an additional 6 BE workers abnormal. Method 1A (see Table 2 ) called an additional 12 BE workers abnormal, some of whom were included in Table 1 and Table 3 . Thirteen beryllium exposed workers were called abnormal by at least one of the three methods-see Table 4 for a summary of their results. c BU2680 re-tested abnormal. This person's LPT had very high phitilde values: day 5 controls = 0.565 day 7 control= 0.569, and would clearly be a candidate for the designation unacceptable due to too much variability (if one were available). Table 5 summarizes the results for each of the unacceptable LPTs that were due to "high variability". Five of the original LPTs are not shown because they were not called unacceptable because of high variability. BU877, BU537, and BU475 were unacceptable due to high control counts; BU3532 had very low counts; and BU2629 was not unacceptable by any criteria. The results in Table 5 are of interest since each of the workers with unacceptable LPTs had at least one additional LPT at NJC and the retest results are given in Table 5 . Two of these (BU3163 and BU1960) are for the same person, a confirmed CBD case. Both of theφ values are very high (0.70 and 0.68) and BU1960 was called abnormal by Method 1A.
Classification of Unacceptable LPTs
One LPT that was called abnormal (BU3064) using LAV SIs by all three methods was normal on retest by NJC, but was called abnormal twice at a second lab. BU2680 was called normal using LAV estimates by all three methods, and was called abnormal in two retests at NJC. The CBD status of this patient has not been evaluated. Table 6 summarizes the results of the retest LPTs that were done for each of the original unacceptable LPTs using Method 1. For example, row two indicates that 3 of the Method 1 abnormal LPTs were abnormal on retest, and row five shows that 5 of the normal LPTs were abnormal. This suggests that Method 1 may be missing some of the beryllium sensitized individuals. Table 7 summarizes the results of the retest LPTs that were done for each of the original unacceptable LPTs using Method 1A. Row two indicates that seven of the Method 1A abnormal LPTs were abnormal on retest, and only one of the normal LPTs was abnormal on retest (see row 5). The first row of Table 7 shows that seven of the abnormals were normal on retest (based on NJC method), suggesting that this method may have more false positive results. Table 8 summarizes the results of the retest LPTs that were done for each of the original unacceptable LPTs using Method 2. Seven of the eight abnormals were called abnormal on retest, and only three of the abnormals were called normal.
Method 1 Results Based On Maximum SI
Method 1A Results Based On Second Largest SI
Method 2 Results Based On Each Day/Concentration
Note that some NJC Unacceptables had more than one RETEST ( see Table 5 ) , and all of the retest results were used to obtain Tables 6-8. 
Criteria For Unacceptable LPTs
One feature of the LAV approach is that it is not necessary to declare LPTs as unacceptable because of "high variability" in the well counts based on the CV. There are however situations that may result in an unacceptable LPT. Data may be considered unacceptable if any of the following situations occur:
1. Control well counts are too low or too high relative to plate background due to laboratory error. Sources of technical error might include mistakes in pipetting, such as failures to add appropriate numbers of cells to individual wells, lack of addition or double addition of tritiated thymidine to specific wells, or improper washing of filters resulting in residual counts of unincorporated thymidine, or smearing of radiolabel across the filter paper.
2. Positive control SIs for ConA or PHA SIs are low (indicating low cell viability).
3. The internal variability for a quadruplicate of Be stimulated cells is "too high" for at least two Be concentrations, provided this is due to at least two counts that are "two low", i.e. close to background for the plate indicating laboratory error-See Section 6.1.
4. The internal variability for the control wells is too high on day 5 or day 7. An approximate critical value forφ L can be obtained using an empirical or theoretical approachsee Section 6.1.
5. At least four SIs are "too low" indicating cell killing. An SI is too low if it is significantly below the null value of one (zero on the log scale). In Section 2. 
Criteria To Determine If Internal Variability Is Too High
The resistant estimate of the CV (φ L ) is too high if it exceeds a critical value CV*. The value of CV* can be obtained using an empirical or theoretical approach.
Empirical Approach
The empirical approach uses the distribution of φ L estimates available from previous data (see e.g. Frome et al. [4] page 13 and page 26). This method could be applied to the control well counts on day 5 and day 7 (12 replicates per set). It could also be applied to the CV-mad estimates obtained from the Be stimulated wells (4 replicates per set).
Theoretical Approach
Assume that the log (base e) counts follow the Gaussian distribution with known φ. Then use either mathematical analysis or simulation to determine a percentage point for the sampling distribution ofφ L . Recall that φ is the standard deviation of the log of the counts, and corresponds to the CV on the original scale under the assumption that the standard deviation is proportional to the mean on the original scale (see ORNL-6818 Section 2.1).
Mathematical Analysis
This approach can be applied to the usual moment estimate of the standard of the log counts, The problem with this approach is that the distribution ofφ L will be more spread out than the distribution of the moment estimate of the standard deviation when the log counts follow the Gaussian distribution.
Simulation Based Approach
An alternative is to use simulation to generate the sampling distribution of SD andφ L . For a given value of φ generate say 10,000 samples of size n (n = 4, 8, or 12). Calculate the value of SD andφ L for each sample and calculate the desired quantiles of the sampling distribution.
In the absence of outliers this should match the results based on the chi-square distribution for SD, but the null distribution ofφ L will be more spread out.
This same procedure can then be repeated with outliers being added, say ten percent of the time, to each of the samples of size n. This leads to a specified critical value forφ L that will depend on the value of φ that is used, and on the proportion of outliers that is assumed.
Conclusions
Three methods were described for identification of an abnormal blood LPT using LAV estimates of the SIs. These methods were applied to the BE-sample, Unacceptable, and Abnormal data sets. All three methods correctly identified the 32 known CBD cases as abnormal, and identified the seven known CBD cases in the BE-sample.
Results of applying the three methods to the BE-sample and Unacceptable data sets were presented. Table 5 summarizes the results for each method for the 20 NJC Unacceptable LPTs,
gives the retest results and the evaluation of the patients' CBD status. Both Method 2 and Method 1A were effective at classifying beryllium sensitized individuals. Method 1A had more results that were normal on retest by NJC using their usual criteria, i.e. the retest results
were not based on Method 1A using LAV approach. Method 2 used the combined data from the NE (control) group and the BE worker group. Consequently, we cannot determine how this method would have classified the unacceptable LPTs in a "real time" situation, since the reference data base changes as new data becomes available. Figure 4 suggests that there was "cell killing" present at the two highest Be concentrations on Day 5 and 7. Figure 5 and Figure 6 support the assumption that the log(SI)s are Gaussian in the center.
Distributions of resistant estimates (φ) of the CV were presented- Figure 8 . These results
show that the internal variability is similar for the BE-sample and NE-sample for control wells and treated wells on days 5 and 7. These distributions are similar to those seen at ORISE and are centered at aboutφ =0.30.
A. Detailed Report For LPT Data
The following page describes the data from day 5 and day 7 for the LPT. All statistics in the top of the report are based on the outlier resistant approach described in Section 2. 
